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Abstract. Greenhouse warming due to carbon dioxide atmospheres may be responsible for

maintaining the early Earth's surface temperature above freezing and may even have allowed for

liquid water on early Mars. However, the high levels of CO2 required for such warming should

have also resulted in the formation of CO2 clouds. These clouds, depending on their particle

size, could lead to either warming or cooling. The particle size in turn is determined by the

nucleation and growth conditions. Here we present laboratory studies of the nucleation and

growth of carbon dioxide on water ice under Martian atmospheric conditions. We find that a

critical saturation, S = 1.34, is required for nucleation, corresponding to a contact parameter

between solid water and solid carbon dioxide of m = 0.95. We also find that after nucleation

occurs, growth of CO2 is very rapid and proceeds without a surface kinetic barrier. Because

growth would be expected to continue until the CO2 pressure is lowered to its vapor pressure, we

expect particles larger than those being currently suggested for the present and past Martian

atmospheres. Using this information in a microphysical model described in a companion paper,

we find that CO2 clouds are best described as "snow", having a relatively small number of large

particles.
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suggestedfairly recentliquid waterrunoff on theMartian surface(Malin andEdgett2000).

Greenhousewarmingbycarbondioxidegashasbeensuggestedto accountfor thehigher

temperaturesof theearlyMartianclimatesuchthatliquid watercouldexist (Pollacket al. 1987).

While carbon dioxide is an effective greenhouse gas, current pressures are too low to effectively

warm the surface. Early Mars may have had a significantly denser CO2 atmosphere and thus a

stronger greenhouse. However, the abundance of CO2 needed to warm the planet above freezing

yields portions of the atmosphere with pressures significantly higher than the CO2 vapor

pressure, so that clouds might form and potentially offset the warming by scattering sunlight

(Kasting 1991). Forget and Pierrehumbert (1997) suggested recently that infrared scattering by

carbon dioxide clouds might instead yield a significant warming effect. This suggestion

refocused the early atmospheres debate on the role of carbon dioxide, but the effectiveness of the

clouds as a "scattering greenhouse" is not yet fully understood. The warming potential of the

clouds depends on the percent cloud cover, the total optical depth of the cloud, the size of the

particles, and the altitude of cloud formation, just as it does for terrestrial cirrus clouds. The size

of the CO 2 particles formed and thus their ability to warm through IR scattering will depend on

the nucleation mechanism.

Despite the many interesting roles that carbon dioxide clouds might play in early and

current atmospheres, little is known about their formation mechanism. Analogous to ice

nucleation in the Earth's atmosphere, it is unlikely that carbon dioxide would nucleate

homogeneously in the Martian atmosphere due to the very high supersaturations required to

overcome the energy barrier to form a critical germ. Heterogeneous nucleation begins with a

seed particle that allows the germ to reach the critical size with a smaller number of condensate

molecules, thus requiring a lower supersaturation. Possible nucleation substrates for carbon
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During atypicalexperiment,thesilicon surfacewascooledto temperaturesnearthoseof

theMartianwinter poles. Watervaporwasintroducedinto thechamberandthegrowthof the ice

film on thesiliconsurfacemonitoredby FTIR transmissionspectroscopy.Thesurface

temperaturefor watergrowthwasvariedbetween110and 160K. At thesetemperatures,water

ice is stableagainstevaporation,andnochangesin thewaterspectraoccurredover thecourseof

theexperiments.Thewaterice thicknesswascalculatedfrom opticalconstantsmeasuredin the

samechamber(Toonet al. 1994). The experiments can be divided into two thickness regimes.

The "thick" water ice films were on the order of 0.5 to 1 lxm thick. The "thin" films were

between 30 and 100 nm thick, which is near the detection limit of the FI'IR. When the ice film

reached the desired thickness, the water supply was shut off.

After preparation and characterization of the water ice film, carbon dioxide vapor was

introduced into the chamber at pressures below the saturation pressure. The carbon dioxide

pressure was then increased incrementally to the point where CO2 had clearly nucleated onto the

water ice surface according to the infrared spectrum, as described below. After nucleation, the

carbon dioxide pressure was adjusted to perform the frost point calibration. During the frost

point calibration, the CO2 pressure was varied until the infrared spectrum revealed no growth or

evaporation within the detection limits. The pressure at this point is used with the literature CO2

vapor pressure (Brown and Ziegler 1979) to calibrate the surface temperature. The pressure and

temperature were then varied to further grow or desorb carbon dioxide, and the frost point

calibration repeated. Between two and five calibrations were performed for each experiment.

The mean deviation for our calibrated temperature sensors was 0.2 ° C. Data collected during the

frost point calibration was also used to determine the condensational growth rate of CO2.
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reachedthis range.In someexperimentstheC02 pressurewasbroughtquickly to asaturation

ratioof 1,thenthepressurewasallowedto increasemoreslowly. In othercases,thepressure

risewasslowthroughouttheentireexperiment.OccasionallytheC02 pressurewassustainedfor

a longertime (over20minutes)atavalueaboveoneto besurethatthenucleationwasnot

kineticallylimited. However,our repeatabilitysuggestsweareneartheactualvalue. In all

cases,aslowerapproachis expectedto giveamoreaccuratecritical value,asovershooting

wouldalsoresultin nucleation.

We havenot seenanyevidencefor theformationof awatercarbondioxideclathrate.As

shownin Fig. 2, theinfraredspectraappearsimply astheadditionof separatecarbondioxideand

watercondensedphasespectra.TheCO2o6H20(or CO2o5.75H20)clathratehasbeenshownto

havea higherCO2equilibriumvaporpressurethandoespureCO2(Miller andSmythe1970).It

maybetemptingto explainourcritical saturationratio asnucleationatS=I with respectto the

clathrateequilibrium pressure.However,evenwithin oursmall temperaturerange(130-140K),

theratioof equilibriumpressuresof theclathrateto purecarbondioxidevariesfrom 1.24to 1.56.

This variationwouldbeeasilyidentifiablewith ourprecision,butour results(Table1) indicatea

critical supersaturationaround1.34without temperaturedependence.In addition,noobservable

differencewasrecordedbetweenexperimentswith thick or thin ice layers. In all cases,the

amountof carbondioxidewasin substantialexcessof thewatersuchthatclathrateformation

couldnot beextensive.This is thecasein theMartian atmosphereaswell.

After nucleation,thepressurein thechambercouldbevariedslightly aboveor belowthe

equilibrium vaporpressure,andthefilm respondedbygrowingor evaporating,respectively.To

quantifythegrowth,the infraredabsorbanceof the3700cm-Ibandin condensedCO2wasused

alongwith theopticalconstantsfor condensedCO2(Warren1986)andanopticalmodel (Toonet
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We were unable to find an experimentally determined surface free energy of solid CO2

with respect to the vapor. However, an approximate value can be obtained through the use of

Antonoff's rule (Pruppacher and Klett 1997) where s, I and v denote the solid, liquid and vapor

phases, respectively:

_,, = trst+ _,, (2)

Given o'st = 32.3 erg/cm 2 calculated from the heat of fusion (Turnbull 1950) and o_v = 34.7

erg/cm 2 (Van der Waals 1894), the surface free energy can be estimated as tr, = 67 erg/cm 2.

This value is in reasonable agreement with that calculated by Wood (1998) of trsv = 80 erg/cm 2

based on the crystal structure and heat of vaporization of CO2.

The critical germ radius is related to the free energy of germ formation, AF, through:

AF=4/3 _ r) o_v f (3)

where f, the matching function, is related to the matching parameter for a flat surface by:

(2 + m)(1- m) _
f_, (4)

4

Finally, the nucleation rate, J, is exponentially related to the free energy of germ formation:

J(cm-2sec-I) = K(cm-2sec-l) e-_T (5)

For our studies, we visually observed that several sites nucleated on our 1 cm 2 surface over the

course of several seconds. We thus approximate the nucleation rate as as J = 1 cm "2 sec a, an

approximation that is evaluated below. The prefactor K was estimated based on germ growth

occurring via surface diffusion of adsorbed molecules as described in Pruppacher and Klett

(1997). At a CO2 pressure of 1 Torr, a temperature of 140 K, and assuming monolayer coverage

of CO2 on the ice, we calculate K= 10 27 cm "2 sec "l. Equations 1, and 3 - 5 are then solved to
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parameteris not verysensitiveto theseestimates.Figure5showsthemagnitudeof the

nucleationrateaccordingto supersaturation.The nucleationratechangesseveralordersof

magnitudefor asmallchangein supersaturation.This is consistentwith our laboratory

observations,asnucleationandgrowthbegindramaticallyoncethecritical Sis reached.Raising

andloweringtheratioof thenucleationrateto thekinetic factor,J/K, by threeordersof

magnitudeleadsto averagecontactparametersof 0.955and0.950,respectively.

Implications for Martian Clouds

For spherical nuclei of radius rN,

Jsphere = 4 7t UN2 K exp(-AFc.r_ejkt) (6)

where the free energy of germ formation is given by Eq. 3 with flat replaced by fcu,,,a (Pruppacher

and Klett 1997). Equation 6 is then used with Eqs. 1 and 3 to determine the supersaturation at

which a particular nucleation rate, J_phcre, is achieved according to particular radii. The results of

the calculation are shown in Fig. 5. It can be seen that smaller nuclei require higher

supersaturations (lower temperatures) to achieve the same nucleation rate. It has been speculated

that CO2 clouds may form at the coldest temps measured in the Pathfinder data set near 80 km.

If large nucleating particles were present (0.5 }.tin or bigger), our measurements would indicate a

supersaturation of 0.35 would be required for a significant nucleation rate. If 0.1 l.tm particles

were instead present, a supersaturation of 0.45 would be required, as can be seen in Fig. 5. At

Martian pressures at these altitudes, that supersaturation represents a cooling of about 1.25 K

below the frost point of CO2. Particles below about 0.05/.tm would require extremely high

supersaturations.
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OurresultsthussuggestthatlargeCO2particlesmayform in thecurrentMartian

atmosphereandmayplayarolein depositingCO2to theplanet'ssurface.Thesizessuggestedby

our resultsaresignificantlyhigherthanproposed,if CO2particlesareto explaintheobserved

cloudsof ClancyandSandor(1998). Additionally, very largeCO2crystalswouldbeexpectedto

haveformedin earlyEarthandMarsatmospheres.Forexample,for anear-surfacedustloading

of 50particles/cm3,our resultssuggestthatCO2cloudparticleswouldhavearadiusof greater

than200lamfor a2 barMartianCO2atmosphere.While suchparticleswouldhavean IR

scatteringgreenhouse,thecloudswould likely beephemeralandpatchy,morelike aCO2

"snow". ColapreteandToon (this issue)showthatCO2cloudswith extremelylargeparticle

sizesandlow opticaldepthscontributeonly faintly to warmingthesurfaceon aplanetaryscale.

Our resultsthencall into questiontheability of CO2to warmEarlyEarthor Marsto abovethe

freezingtemperatureof water.
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Temp (K) Water ice S m

140.0 thick 1.34 0.949

136.1 thick 1.33 0.954

135.9 thin 1.34 0.951

133.2 thin 1.38 0.947

133.2 thin 1.34 0.952

132.7 thin 1.35 0.951

132.5 thin 1.30 0.958

132.3 thick 1.32 0.955

131.7 thick 1.34 0.953

130.2 thick 1.35 0.952

Table 1. Critical saturation ratio (S) and contact

parameter (m) of carbon dioxide on water ice.
Average values are 1.34 for S and 0.952 for m.
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Figure 2. FTIR transmission spectra of water ice (2a) and carbon dioxide
condensed onto water ice (2b). Note the broad absorbance features in lb at
2350 cm "! (asymmetric stretch) and 667 cm "l(bend), indicative of condensed
C02.
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Figure 4. The growth rate of CO2 ice as a function of supersaturation derived

from absorption measurements (circles). The two curves in this figure are

growth rates according to the two theories discussed in the text.


